Abstract: Equal-Channel Angular Pressing (ECAP) is a method used to introduce severe plastic 1 deformation into a metallic billet without changing its geometry. In special cases strain localization 2 occurs and a pattern consisting of regions with high and low deformation (so-called shear and matrix 
Introduction 18
Equal-Channel Angular Pressing (ECAP) is a severe plastic deformation (SPD) process developed 19 by Segal [1, 2] . During ECAP a billet with a typically square or circular cross-section is pressed through 2 of 18 is equal to the diameter of the entrance channel. The geometry parameters in Table 1 are chosen in 65 analogy to the parameters used for the experimental investigations shown later.
66 Table 1 . Geometry parameters for the simulation model (cf. with Perzyna's rule [34] . However, in the present study rate-independent plastic flow was assumed.
75
Note that the constitutive model is a purely phenomenological elastic-plastic model with The meaning of the kinematic hardening parameters is derived from linearized equations. Strictly speaking, this interpretation is thus only valid for small strains. 
with:
equivalent stress:
with: N X := X ab X ba
isotropic hardening:Ṙ =ṡ (γ − βR) with:ṡ = 2 3λ (8) effective plastic strain:
KKT conditions:
In the material model summarized in table Table 3 further appear the Cauchy-Green tensor 84 C = F T · F, two internal state variables C i , C ii and the second Piola-Kirchoff stress T, which is related 85 to the Cauchy stress σ by
Here, the third invariant I 3 of a second order tensor X = X ab e a ⊗ e b is defined by I 3 (X) = det[X ab ].
87
Furthermore, X denotes the material time derivative and X D represents the deviatoric part of X. Finally, As a reference, a single ECAP pass is simulated with elastic ideal-plastic behavior. The material 120 parameters corresponding to aluminum are shown in Table 3 .
121 Table 3 . Material parameters for aluminum with ideal-plastic behavior, used in the reference simulation. 
126
Finally, there is a small curvature of the billet because of internal stresses developed during ECAP [41] .
127
This is also known from ECAP experiments without applying any backpressure. In summary, the 128 simulation result corresponds well with the expectations gained from experiments. 
Effects of Isotropic Hardening

130
Strain localization is observed in experiments if the SHC of the material subjected to ECAP is 
Effects of Kinematic Hardening
157
The difference between kinematic and isotropic hardening is the plastic anisotropy induced by 158 the kinematic hardening. While modeling of isotropic hardening usually involves only the scalar 159 equivalent stress, kinematic hardening is based on the stress and back stress tensor (see Equation 3 ).
160
Hence, kinematic hardening not only depends on the principal stresses, but also on the principal Figure 7) . Undeformed areas and the unsteady flow at the beginning of the process are omitted.
3
The undeformed regions of the billet (i.e., the material near the ends of the billet that has not passed through the shear zone during ECAP) and the region of unsteady flow at the beginning of the process are omitted in this analysis; the total length of the billet is 300 mm.
In order to further analyze and confirm the observation that shear bands are formed when there is a pronounced IHR, addtional simulations were carried out, varying κ and c kin . In Figure 9 175 three examples are shown: In simulation a), c kin was doubled resulting in an increase of the IHR Finally, one key result of the present study is that -while fluctuations in terms of the distribution 187 of effective strains along the billet can in principle be simulated both by assuming isotropic or kinematic 188 hardening, and using a wide variety of material parameters -only kinematic hardening appears to be 189 suitable for an accurate simulation of distinct shear bands that differ from the adjacent matrix bands
190
by relatively large amounts of plastic strain.
191
The results may be summarized in a generalized diagram where the parameter regions are In contrast to the homogeneous microstructure observed after ECAP of a fully recrystallized 220 material, a strongly heterogeneous structure was found after processing a severely cold-worked More exactly, these simulations show at the beginning of the process a high SHC, but also a pronounced hardening rate. With this particular material behavior the hardening of the material during the extrusion prior to ECAP can be captured. However, after a minimal plastic deformation in the simulation the material already reached the state of a very small remaining SHC. To get a more detailed description of the localization mechanism, two representative finite 246 elements are chosen: one element of a shear and one element of a matrix band, as depicted in Figure 13 247 (simulation). These elements are selected far away from all boundaries of the ECAP tool, such that no 248 boundary effects affect the results. For these elements the stress and strain state is evaluated.
249
At first the evolution of stresses and strains during one ECAP pass in the shear and matrix bands 250 is investigated. 6 As shown in Figure 14 , the evolution is equal for both types of bands for a long time.
251
However, at a certain point after the plastic flow has already set in, the solution diverges abruptly.
252
At this point of the deformation the effective plastic strain rateṡ increases rapidly in the shear bands 9 ) in shear and matrix band in the representative elements corresponding to shear and matrix bands, respectively (see highlighted elements in Figure 13 ).
261
6
Shear and matrix band evolve one after another and there is a constant time interval between the formation of these bands. For reasons of clarity and comprehensibility the time interval is subtracted in every diagram comparing shear and matrix bands (Figures 14 and 15 ).
To reach a better comprehension of the evolution of the shear and matrix bands, the evolution 262 of the corresponding stress states is also considered. Figure 15a 
has to be considered. It is clear that equal normal stresses are not required for an equal von Mises 267 stress; only the difference between the coefficients of the stress tensor has to be equal. This observation 
Conclusions
293
Adopting phenomenological plasticity theory with isotropic and kinematic hardening and using 294 two-dimensional explicit finite element simulations, strain localization during ECAP can be reproduced.
295
To this end, a systematic convergence study helps to ensure a stable and reliable FE solution, which is 
303
Additionally we find a surprisingly accurate match between simulation and our experimental results.
304
A detailed analysis of shear and matrix bands revealed that not only the shear bands but also the 305 matrix bands deform plastically during ECAP. Although the plastic deformation is very small in the 306 whole shear zone the effective plastic strain rate is always larger than zero.
307
In future work the influences of the different hardening mechanisms have to be studied in 308 greater detail. Especially the effect of the parameters of kinematic hardening but also the influence 309 of the formative hardening on the evolution of shear bands is not fully understood yet. 
